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Abstract: The elasticity of red cell membrane is a critical physiological index for the activity
of RBC. Study of the inherent mechanism for RBCs membrane elasticity transformation is
attention-getting all along. This paper proposes an optimized measurement method of
erythrocytes membrane shear modulus incorporating acousto-optic deflector (AOD) scanning
optical tweezers system. By use of this method, both membrane shear moduli and sizes of
RBCs with different in vitro times were determined. The experimental results reveal that the
RBCs membrane elasticity and size decline with in vitro time extension. In addition, semi
quantitative measurements of S-nitrosothiol content in blood using fluorescent spectrometry
during in vitro storage show that RBCs membrane elasticity change is positively associated
with the S-nitrosylation level of blood. The analysis considered that the diminished activity of
the nitric oxide synthase makes the S-nitrosylation of in vitro blood weaker gradually. The
main reason for worse elasticity of the in vitro RBCs is that S-nitrosylation effect of spectrin
fades. These results will provide a guideline for further study of in vitro cells activity and
other clinical applications.
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1.

Introduction

Red blood cells (RBCs) are responsible for delivering oxygen to tissues and organs mainly.
The past studies have discovered that the character change of normal RBC will cause harm to
human life [1]. So RBCs play a key role in our health. In the human microcirculation system,
RBCs need sufficient deformability to pass through the capillaries which are smaller than
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their diameter [2]. Obviously the elasticity is significant to RBCs activity. Therefore the
detection technologies of RBCs eclasticity are indispensable in biomedical research [3]. The
early measurement technologies include micropipette aspiration [4], ektacytometry [5],
viscometry [6], micropore filtration [7] and etc. These methods are greatly developed and
widely applied. However, most of them merely can characterize the colonial elasticity of
RBCs. Even the membrane shear modulus as an important physical parameter for describing
the RBCs elasticity couldn’t be measured precisely for a long time in the past. But innovation
is endless. A paper about single beam gradient force trap marked the beginning of optical
tweezers technology development [8]. Soon afterwards the optical tweezers were employed
extensively as an effective tool to investigate the cell and biomacromolecule. In sum, Optical
tweezers have many advantages in biomechanics research, such as single cell level operation,
high accuracy and little damage to biological tissue. Since Sylvie Hénon et al measured the
shear modulus of single RBC membrane successfully with double optical tweezers [9], plenty
of researchers have shifted their sights to study deformability of RBCs with optical tweezers.
The recent main research contents include the following several aspects: (1) The influences of
sickle cell disease, malaria, diabetes and other blood diseases on RBCs deformation and drug
treatment of pathological RBCs [10-13]; (2) The transformation of RBCs deformation under
different physiological environments [14, 15]; (3) The analysis of RBCs deformation by
combining optical tweezers with the finite element simulation [16-18].

For the former studies, there are some imperfections. In terms of optical tweezers method
for measuring RBCs membrane shear modulus. Although researchers presented different
measurement procedures, few people have optimized them. It’s noticeable that the
experimental efficiency replies on the sample pretreatment process and the operation
complexity of optical tweezers. Through comparing these measurement procedures, we have
recognized that double-beads adhesion strategy is superior to other methods due to higher
precision and relative controllable adhesion area between the bead and the cell [9, 11, 15]. In
previous reports, some researchers use the modified micro beads as handles to attach the
RBCs that cost too much time [14, 15]. Certainly the effects of functional modification
reagents on the experiment are unknown as well as. Alternatively the nonspecific adhesion of
silica micro beads can be used to realize the double ball adhesion of RBCs at diameter
direction. In addition, Mostly researchers tended to pull one RBC with different forces via
repeatedly changing laser power. The more flexible method is to estimate the real-time drag
force by means of trap stiffness calibration before measurement [19]. Meanwhile, previous
measurement procedures need experimenters to manipulate the specimen stage manually
because of optical tweezers setup limitation. Some multi-trap optical tweezers such as
acousto-optic deflector (AOD) scanning optical tweezers are more convenient than manually-
operated one. According to above discusses, the improvement of measurement method based
on previous experience is necessary.

Besides, the researches of the relation between the chemical compositions and the
deformability of RBCs have been reported rarely [20]. Further study focused on this point can
expand our knowledge about the inherent mechanism of RBCs deformability. Recently,
researchers found that there is a connection between the S-nitrosylation and RBCs
deformability [21]. The reported experiment assessed the resulting influence of changing the
nitric oxide synthase activity on in vitro RBCs deformability. Unfortunately the experimental
methodology is indirect. It can’t reflect the real change relation between the S-nitrosylation
levels and the in vitro RBCs elasticity. So we desire to explore the detail to a certain extent.

In this letter, we implement an optimized measurement method of erythrocyte membrane
elasticity via employing the AOD scanning optical tweezers system which provides an
efficiency operation, and combining with a simple sample preparation process that omitted
the modification of micro beads. The variation trends of elasticity and sizes of in vitro RBCs
stored at 4 °C were obtained. Further measurements of S-nitrosothiol content of blood using
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fluorescent spectrometry during in vitro storage were utilized to confirm the relation between
the S-nitrosylation level of blood and RBCs membrane elasticity change.

2. Experimental setup and method
2.1 Experiment setup

The AOD scanning optical tweezers system (Tweez250si) was purchased from Aresis
Company. The key components consist of a 5000mW Nd:YAG laser source (1064 nm)
connected to a 60 x water immersion inverted microscope (Nikon Eclipse Ti), highly
sensitive CMOS camera (PL-B74 IU) and AOD, as shown in Fig. 1. Profiting from the AOD,
the optical trap position and strength can be arbitrarily controlled just by cursor based on
computer soft (Trap positioning resolution is < 0.001 nm). The experimental images are
captured by CMOS camera and recorded by the computer in real time. The recorded data are
subsequently analyzed by image analysis software (TweezForce) ships with the system.
Handily we can calibrate optical trap stiffness by thermal noise analysis [22], then figure out
the real-time force throughout the experiment.

Lamp 5 e

Specimen "o -
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Inverted
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Fig. 1. The schematic diagram of AOD scanning optical tweezers system. A continuous wave
laser beam emitted by Nd:YAG laser pass through the AOD controlled by computer to achieve
beam shifting. Then the beam is expanded by beam expander before it is transmitted into the
microscope. The expanded beam is coupled into the optical pathway of the microscope by a
Dichroic Mirror after which it is tightly focused into the sample chamber using a water
immersion objective lens with Numerical Aperture (NA) of 1.0. The experimental images are
captured by CMOS camera.

2.2 Experiment sample preparation

The blood used in experiments was extracted from a healthy donor and stored at 4 °C. Silicon
beads with 4 pm in diameter were selected as the handles. The RBCs and micro beads were
washed separately and mixed together in the phosphate-buffered saline (PBS) (HyClone
SH30256.01B, pH 7.2) with the bead-cell concentration ratio of 2:1. Through the several
washing processes, contaminant on the micro beads was removed. The non-specific adhesion
between the RBCs and micro beads can therefore be ensured in the cell-bead incubation
process. After 40 min incubation at 4 °C, the mixed suspension was diluted and dropped into
sample cell. A small amount of bovine serum albumin (BSA) (Sigma A 4503) was coated on
the bottom to prevent RBCs from sticking on the glass plate of the sample cell. By the way,
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we didn’t need to worry about the elasticity aberrance of RBCs due to artificial variation in
the value of pH. Because the pH value of buffer solution was identical to normal blood.

2.3 Measurement method

The first step in the measurement was to stretch the RBC. The cell stretching technologies are
emerging inexhaustibly as well as [23-25]. Considering the intuitiveness and easiness, our
stretching method is shown in Fig. 2. Two micro beads are adhered to RBC diametrically. We
could observe plenty of cell-bead connectors that meet this measurement standard in sample
cell, due to large incubation amount. When stretching the red cell, one bead was stayed
adhering to the bottom of sample cell with non-specific adhesion, and the other was trapped
and dragged by optical trap in predefined path. The dragged velocity controlled by computer
was smaller than 0.02 pm/s, so the viscous drag force could be ignored. The continuous
stretching video of every RBC was recorded and remained to be analyzed. The real-time pull
force can be calculated according to the shift between the center of the micro bead and the
optical trap after calibrating optical trap stiffness. All observations and measurements were
made at room temperature (25 °C) in the laboratory. The temperature increase due to trapping
a particle in water has been roughly estimated to be rather low [26]. So we could assume that
the temperature of the sample was 25 °C at the time of measurement.

Binding of silia ! '
@ microbeads to cell 1 Latsck besn trapplig
. bead
/\ ‘\‘ i 'I,/

Coverslip T T e i i
AR
Bead adhered to Redl blood ecll 1 Ax
surface of glass dlide | ©
®)
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Fig. 2. Schematic drawings for RBC stretched by laser tweezers. (a) Before stretching; (b)
After stretching. The continuous stretching video of RBC will be recorded. The real-time pull
force can be calculated according to the shift between the center of the micro bead and the
optical trap.

This experimental method draws lessons from the previous advantage procedures in
sample preparation and simplifies the process for double-beads adhesion of RBC.
Furthermore, we employ the advantages of AOD scanning optical tweezers to reduce the

operation of specimen platform. It decreases the measurement time greatly. The experiment
proved that it is easily operational and practicable.

2.4 Calibration of optical trap stiffness

In the experiment, the pull force for stretching RBC was identified on the basis of its relation
with the optical trap stiffness. In comparison, the thermal noise analysis is simpler among all
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calibration methods of trap stiffness [27-29]. Near the center of the optical trap, the force
exerted on the trapped micro bead (silica bead or polystyrene bead) is proportional to the
offset of the micro bead relative to the optical trap center:

F =k -Ax, (1)

in which k, means trapping stiffness, F is the trap force, Ax is the shift between the center of
the micro bead and the optical trap. The potential field near the center of optical trap is
harmonic:

E(x)= %kx AY ©)

In order to calibrate the trap stiffness with thermal noise analysis, traditionally we trap a
micro bead. The micro bead will do random thermal motion nearby the equilibrium spot in
the potential field. Its position distribution probability density obeys the Boltzmann statistics
[22]:

—E(x)
_ kg T
p(x)=c-e™", 3)
kg is Boltzmann constant, 7 is absolute temperature, ¢ is normalization factor.
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Fig. 3. Optical stiffness Measurement with thermal noise analysis. (a) Brownian motion
trajectory of trapped micro bead at laser power P =200 mW; (b) the probability of the position
distribution of the micro bead at laser power P =200 mW; (c) fitting of optical trap potential at
laser power P = 200 mW; (d) calibration curve of the trapping stiffness at different laser
power.

Figure 3(a)-3(c) shows the measurement process of optical trap stiffness with laser power
of 200 mW. Firstly, the Brownian motion trajectory of the microsphere in an optical trap was
captured, and the position distribution probabilities of the microsphere were obtained by the
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motion trajectory statistics. Then the distribution of the optical trap potential field was derived
using the Eq. (3). The optical trap stiffness was evaluated by fitting the distribution data of the
optical trap potential field. Especially the trap stiffnesses under different laser powers are
shown in Fig. 3(d). The relationship between optical trap stiffness and laser power is linear,
which is consistent with the theoretical calculation [30]. The stiffness corresponding to other
laser power can be attained by linear fitting. It is worth paying attention that we had to
calibrate the trap stiffness near the glass surface and keep the distance almost constant in the

course of the experiment, which caused very little deviation of calibration force when pulling
the RBC.

3. Results

We measure the stretching of fresher RBCs in vitro (stored for 2 days at 4 °C). In the
experiment, the different size RBCs (size in a range from 6.7 pm to 7.7 um) were randomly
chosen in order to keep the experimental data representative. Figure 4 shows the stretching of
RBC under different forces.

(@) (b) (©

4 pm 4 pm 4 pm

Fig. 4. The stretching of RBC (in vitro time: 2 days) under different forces: (a) 0 pN; (b) 2.5
pN: (3) 5 pN.

Through video Analysis and data preparation, the relationship scatter diagrams between
optical trap forces (the drag force exerted on the RBCs) and RBCs extension ratio were
acquired and shown in Fig. 5. We get the slop k& from the fitting results of these scatter
diagrams. The shear moduli of RBCs were calculated by putting the slope & substitute into the

following expression [31]:
H=|— L ©)
125k° -d-B’

in which, d is the diameter of RBCs, the bending modulus B=2 x 10"’ N-m.

0.30 T T T ———

0.254

Extension ratio

Force / pN

Fig. 5. Extension ratio-Force relation curves of RBCs and fitting lines (in vitro time: 2 days).
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The slope values in Fig. 5 are 0.0448, 0.0433, 0.03, 0.036 and 0.031 separately.
Correspondingly, the shear moduli of different size RBCs are 7.61 uN/m, 8.48 uN/m, 14.48
uN/m, 10.86 uN/m and 13.43 pN/m. The fresh RBC shear modulus is 10.95 + 2.67 uN/m.

Moreover, we measure the change of the RBCs membrane elasticity with different in vitro
times. At least 5 cells were used every time. The extension ratio-Force relation curves of
RBCs with different in vitro times are shown in Fig. 6.

(a) (b)
0.25 T T T 0.25 .
® 612 um ® 603 pm
A 678 pm A 681 pm
0.204 ¥ 6.89 um o 0.204 ¥ 598 pm|
600 pm 512 pm
4 B 679 um = 631 pm
2 A ®* | @& 716 pm il 5.75 um
= 0.154 e T | pm| ] 2 |
o a® @ 637 um
g il P 5
= @ v =]
2 010 A > ]
i} A o .'v T
= e ad =
w amg¥ v w
0.05] 4o ~ ]
|t
L)
0.00 T T T T T T T

Force / pN
(© (d)
0.25 . - .
® 624 pm
A 538 pm ® 532 um
A
el Ml 0.20 5 |
st ) 522 pm
B 449 ym m 579 pm
£ 0.154 9 Sy} =3 ® 558 pm
e = 015 |
c —-
% 5
3 1 2 0.10 ahAA
% 2 ,ﬁ'."‘.-.l
P i Ashfhn o®
o AR e
] T el
9.0571 s '.M' v?
W T sl R
Wcﬁ"v
- w ooo M o O OO OO OO
6 7 0 1 2 3 4 5 8

Force / pN Force / pN

Fig. 6. Extension ratio-Force relationship diagrams of RBCs with different in vitro days. (a) 6
days, (b) 10 days, (c) 14 days and (d) 18 days.

Similarly, we obtain the membrane shear moduli of in vitro RBCs stored for 6 days, 10
days, 14 days and 18 days are 17.77 + 3.13 uN/m,41.44 + 14.63uN /m,59.56 + 21.18 uN/m
and 78.65 £ 15.91 uN/m separately. The variation tendency is shown in Fig. 7(a). The RBCs
membranes shear moduli increase along with in vitro time extension. So the elasticity of
RBCs becomes worse gradually. At same time, the red cells size variation is shown in Fig.
7(b). The figure shows that the RBCs size becomes smaller and keeps unchanged up to 18
days. We must emphasize that the size of RBC can’t be used to reflect the membrane
elasticity indirectly, though it looks like that the increase in membrane shear moduli and the
decrease in sizes of the RBCs are inversely related. The shear modulus is the most intrinsic
parameter to characterize the elasticity of RBC membrane. The size is just an auxiliary
characterization for the RBC membrane loss. According to our experimental data, the
elasticity of a small size RBC may be greater than the big size one, under same in vitro time.
It’s distinct that the shear modulus calculation Eq. (4) is related not only with the diameter of
RBCs, but also with the extension ratio-Force relation curve slope of RBC.
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Fig. 7. Variation tendency of the membrane shear moduli and the RBCs size.

According to the former reports, RBCs deformability is related to the protein S-
nitrosylation. The protein S-nitrosylation process is expressed in the following chemical
formula [32-34]:

NO+0, — N,0,, (%)

N,O, + RSH — RSNO+NO; + H*, (6)

in which, RSH represents the free sulthydryl protein, RSNO is S-nitrosothiol. In order to
investigate the relation between the protein S-nitrosylation level of blood and RBCs
membrane elasticity change, this paper complete the semi quantitative measurements of S-
nitrosothiol content of blood based on fluorescent spectrometry during in vitro storage [35,
36]. The measurement method can be found in literature [35]. In the experiment, CuCl,
solution was used as the splitting agent to make RSNOs release NO that was equivalent to the
RSNOs. NO reacts with oxygen to produce NOx. 2, 3-diaminonaphthalene (DAN) which was
used as the fluorescent probe to react with NOx to produce the strong fluorescent substance 2,
3-naphthotriazole (DAT):

NO+0, — NOx, )

NOx + DAN —> DAT. (8)

The fluorescence intensity of DAT can represent the concentration of RSNOs in blood
indirectly, so the measurement is Semi quantitative. The amount of blood measured was
200pul every time. 2 ml 300 umol/L solution of DAN (MACKLIN D807411) in PBS was
added. The complete reaction needed 2 hours. Then the fluorescence spectrum was detected
by FS920 spectrofluorometer (Edinburgh Instruments). An excited light with 383 nm in
wavelength was adopted. The fluorescence spectrum of DAT derived from the reaction of
DAN and RSNOs in different in vitro blood are shown in Fig. 8(a). Emission peak intensity at
408 nm was used as the characterization of RSNOs content according to previous report [36].
Figure 8(b) shows the change curve of peak intensity at 408 nm as a function of in vitro
times. It reveals that the content of RSNOs in blood is decreasing until remaining unchanged
during in vitro time. In other words, S-nitrosylation level weakened. By comparsion with Fig.
7(a), we found that RBCs membrane elasticity change is positively associated with the S-
nitrosylation level of blood.
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Fig. 8. (a) the fluorescence spectrum of DAT that source from the reaction of DAN and
RSNOs in different in vitro stored blood; (b) the change curve of DAT fluorescence peak
intensity at 408 nm during storage.

4. Discussion

The red cell membrane consists of two components: a lipid bilayer and a 2D spectrin network
that known as the membrane skeleton [37], as shown in Fig. 9. The spectrin is attached to the
internal surface of lipid bilayer by means of connected Actin, anchor protein, transmembrane
protein and etc. The spectrin network contributes to the elasticity and shape of RBC.

glucose transporter | glycophorin C

anion transport
protein

glycophorin B

lycophorin A —
e lipid bilayer

a-spectrin
Fig. 9. The composition of RBC membrane.

Studies have shown that the S-nitrosylation of protein is an important process of protein
function regulation. The effect of the S-nitrosylation on the function of RBCs membrane
skeleton is no exception. In the blood, NO is produced by the conversion of L-arginine to L-
citrulline mediated by the activity of the nitric oxide synthase (NOS). During blood storage
the NOS activity will decrease [38], which results in the decline of NO. Naturally, the S-
nitrosylation effect fades. Our experimental results proved it. So the spectrin with low S-
nitrosylation level will lose control function of RBC membrane elasticity and shape
gradually. Thus the RBCs membrane shear moduli become increasingly greater.

5. Summary

The paper realized the rapid measurement of RBCs membrane elasticity through optimizing
the experimental method based on AOD scanning optical tweezers, and studied the
connection between the S-nitrosylation of blood and RBCs deformability. It all comes down
to here:
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(1) According to experimental data, the in vitro RBCs membrane shear moduli increase
along with stored time extended. The elasticity of RBCs becomes worse and worse.
At same time, it was found that the cell size decreased with the increase of the in
vitro storage time, until keeping constant.

(2) Semi quantitative measurements of S-nitrosothiol content of blood show that the S-
nitrosylation level of blood is depressed.

(3) The analysis shows that the S-nitrosylation of spectrin weakened, and then the
spectrin’s ability to maintain elasticity and shape of red blood cell decreased.

The relationship between RBCs deformation and the S-nitrosylation of spectrin will gives
us a deeper understanding about the mechanism of RBCs membrane elasticity change.
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